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I. INTRODUCTION
Next generation mobile networks, the fifth generation (5G), will reinforce the need for developing high speed broadband wireless access services [1] . With it, the requirement for better spectral efficiency and interference management is mandatory. Therefore, 5G intends for providing a denser network of mobile terminals in broadband scenarios, as well as a high number of pico and femto cells in a small cells clustered environment. Suited for clustered scenarios and providing significantly improvements in spectral efficiency, base station (BS) cooperation schemes are a logical design for future wireless systems. Contrarily to conventional schemes, where mobile terminals (MTs) employ different frequencies for adjacent cells to avoid intercell interference [2] , in BS cooperation MTs can transmit using the same physical channel, allowing universal frequency reuse. Subsequently, the received combined signals at a given BS are sent to a central processing unit (CPU) that performs the separation of the signals associated to different MTs. Block transmission techniques, combined with frequency-domain processing, are proved to be highly robust for broadband cellular systems such as BS cooperation.
These approaches include orthogonal frequency division multiplexing (OFDM) [3] and single-carrier with frequency domain equalization (SC-FDE) [4] . SC-FDE and OFDM modulations present identical overall signal processing requirements and performance, yet, the envelope fluctuations of OFDM signals are much higher when compared to the ones of SC-FDE, indicating that OFDM and SC-FDE are preferable for the downlink and uplink transmissions, respectively [5] , [6] .
One promising approach to provide broadband wireless services is a radio-over-fiber (RoF) transmission system, which uses radio frequency signals through the optical fiber [7] . In RoF systems, it is possible to use the millimeter-wave bands in short wireless links on the end of local fiber optic cables, having the transmission of radio signals over fiber between the BSs and central units. Furthermore, the received combined signals from the different MTs are detected and/or separated by implementing iterative receivers based on the IB-DFE concept [8] .
This paper considers the uplink of BS cooperation systems where each MT employs a SC-FDE modulation scheme [9] . The combined signals received at a given BS are sent to a CPU via RoF technology, in which the electro-optic and opticelectric conversions are done through a Mach-Zehnder (MZ) modulator [10] . Moreover, the RoF link from the BS and CPU can be modulated as a bandpass memoryless nonlinearity. We design efficient robust receivers that can account for the spectral characterization of the nonlinear distortion introduced by the process of electrical and optical conversions. This paper is organized as follows: Section II describes the adopted system and Section IV is concerned with the receiver design. Section V presents and evaluates a set of performance results and Section VI concludes the paper.
In this paper we adopt the following notations: bold upper case letters denote matrices or vectors; I N denotes the N × N identity matrix; x * , x T and x H denote complex conjugate, transpose and hermitian (complex conjugate transpose) of x, respectively. In general, lower case letters denote time-domain variables and upper case letters denote frequency-domain variables;x,x andx denote sample, "hard decision" and "soft decision" estimates of x, respectively. The expectation of x is denoted by E [x]. Fig streams up to R BSs and sharing the same physical channel, that present strong frequency-selectivity . As a BS cooperation scheme, at each BS the combined signals are considered as useful instead of having one MT assigned exclusively to a given BS and the signals from other MTs being considered interference. The subsequent separation of different signals is performed in a central unit after being sent by each BS by a RoF link. Each MT employs an SC-FDE modulation with block size N and quadrature phase shift keying (QPSK) modulations with Gray mapping. The data transmitted by the pth user is represented as
II. SYSTEM CHARACTERIZATION

A. Radio Link
N −1 ] T scheme with an appropriate length cyclic prefix (CP) appended to each block. Through a discrete Fourier transform (DFT), the data block can also be represented as
At the rth BS, and after removing the CP samples, the time-domain received data stream are given by
where indicates cyclic convolution. s (p) n corresponds to the n transmitted data symbol from the pth user. The chan-nel impulsive response is denoted by h (r) n,p and ν (r) n indicates the nth sample associated to additive white Gaussian
Furthermore, ξ p,r is a weighting parameter that accounts for the combined effects of power control and propagation loss, with the average received power associated with the pth MT at the rth BS corresponding to |ξ p,r | 2 . In the frequency-domain, (1) can be written as
with Y (r) k denoting the kth component of the DFT of the block
indicates the frequency-domain noise component associated to the rth antenna and the kth frequency. Moreover,
where H can be viewed as a zero-mean complex Gaussian process expressed by
in which
and
indicates to the symbol's and noise variance, respectively. It should be noted that these two variances are equal for all MTs and BSs.
B. ROF Link
The signal received at the rth BS is then converted to the analog domain 2 giving rise to the signal y(t) (r) . In the following, we will ommit the dependence with t for the sake of notation simplicity and sent to the RoF link as can be seen in Fig. 1 . This link is modeled by a bandpass memoryless nonlinearity for the MZ modulator and by a noise originated from the RoF link. The bandpass nonlinearities are characterized by the so-called amplitude modulation-amplitude modulation (AM-AM) and amplitude modulation-phase modulation (AM-PM) conversion functions. Due to higher noise values in the opticalelectrical conversions it is necessary to operate in the nonlinear zones. Therefore, when their input is y (r) , their output can be shown to be given as [11] 
where the nonlinear functions A(·) and Θ(·) represent the AM-AM and the AM-PM conversion functions, respectively. In our specific case, the MZ modulator only has AM-AM conversion function, which is given by
where A M represents the saturation amplitude. In the following, we will refer to the normalized saturation amplitude A M /σ y since the magnitude of the nonlinear distortion effects is governed by this ratio 3 . The variance of the real and imaginary parts of the RoF link is dependent on the output power at saturation, i.e.,
Therefore, K RoF is a variable that controls the magnitude of this noise.
III. ANALYTICAL EVALUATION OF NONLINEAR DISTORTION EFFECTS
In this section we characterize the nonlinearly distorted signals associated with the MZ modulator. Taking advantage of the Gaussian approximation for the signals at the MZs' output, we can use the Bussgang's theorem [12] . Under these conditions, the time-domain nonlinearly distorted signal associated to the rth BS can be decomposed by the sum of two uncorrelated components
where d (r) denotes the nonlinear distortion and α denotes a scale factor that can be obtained as
By defining the autocorrelation of the signal at the input of the MZ modulator as R y (τ ), it can be shown that autocorrelation of the output signal R z (τ ) can be computed as [13] 3 Note that as σ is approximately equal for all BS, we ommit the dependence with r and we consider that the variance of the real and imaginary parts of the received signal at a given BS is 2σ 2 y .
where P 2γ+1 is the power associated to the IMP of order 2γ + 1, defined as
where H 2γ+1 (·) is the Hermite polynomial of order 2γ + 1.
The average power spectral density (PSD) of the nonlinearly distorted signal is obtained by taking the Fourier transform of the output autocorrelation, i.e., G z (f ) = DFT(R z (τ )). Fig. 2 shows the simulated and theoretical PSD associated to a given BS and channel realization considering a MZ modulator with A M /σ y = 3.0. It should be noted that at the MZ output, one f/B can also take advantage of the Bussgang's theorem to divide the nonlinearly distorted signal PSD as the sum of two PSDs: one that is proportional to the input signals' PSD and another one that is related to the nonlinear distortion. Therefore, we have Fig. 3 shows the simulated and theoretical PSD of the nonlinear distortion term d (r) associated to a given BS and channel realization, considering a MZ modulator with A M /σ y = 3.0.
As can be seen in Figs. 2 and 3 , our analytical approach allows to obtain very accurate estimates of the PSD associated to the output signals as well as the PSD of the nonlinear distortion term. At the CPU, the received signal is filtered and sampled. Therefore, in the frequency-domain, it can be expressed by N −1 ] T , respectively. Note that the performance will be affected by this two impairments. Thus, by considering the presence of both the nonlinear distortion as well as the noise from the RoF link, one can define the SNR T OT for the kth subcarrier and a given channel realization as
where it should be noted that E |D k | 2 = G d (k/T ) = 2σ 2 D (k). Fig 4 shows the evolution of the average SNR T OT , average along all the block subcarriers, considering different values of K RoF and different saturation levels. From this figure, it can be observed that, for a given value of K RoF , there is an optimum value of A M /σ that leads to the lowest SNR T OT . This can be explained by the fact that low values of A M /σ lead to low values of noise from the RoF link (see 9). However, low values of A M /σ also mean that the magnitude of the nonlinear distortion is high since it is very likely that the MZ is operating in the nonlinear region. When A M /σ increases, the operation of the MZ modulator gets more linear and the nonlinear distortion decreases. However, under these conditions, the magnitude of the noise from the RoF link increases which means that SNR T OT decreases. For this reason, there is an optimum level of A M /σ that will lead to the best performance. Fig. 5 illustrates the block diagram regarding the detection process, in which its design is based on the IB-DFE concept [8] . This method allows an efficient detection and/or separation 
IV. RECEIVER DESIGN
F T k,p = F 
k,p , ..., B
(P ) k,p denote the feedforward and feedback coefficients, respectively, and define the detector's state at a given iteration. Moreover,S k,p is given byS k,p = S k,1 , ...,S k,p−1 ,S k,p , ...,S k,P T , where S k,p corresponds to the DFT of the block of time-domain average values conditioned by the detector outputs n,p . An improved detection is provided by the computation of the optimal coefficients F k,p and B k,p . To do so, the minimum mean squared error (MMSE) criterium is employed. For the pth MT and subcarrier k, the MSE for the frequency-domain samplesS k,p is given by
where its minimization is conditioned to
with γ p indicating the average overall channel frequency response. Applying the gradient for the Lagrange function as
the optimum coefficients F k and B k are given by
with D k corresponding to
; r = 1, ..., R (23) and κ selected to ensure that γ p = 1, in order to have a normalized FDE with E s 
V. PERFORMANCE RESULTS
In this section, we present bit error rate (BER) performance results considering the system described in the previous sections. As mentioned, the channels present frequency-selective and multipath propagation characteristics with 64 multipath taps. Furthermore, we consider uncorrelated Rayleigh fading on the different multipath components. In this paper, we assume perfect channel estimation and synchronization. For all P transmitted signals associated to each r antenna we consider ξ p,r = 0 dB, N = 256 and an appropriate cyclic prefix. In each BER performance result a comparison with the matched filter bound (MFB) is provided.
Firstly, let us consider a BS cooperation transmission scheme with P = 2 MTs and R = 2 BSs in Fig. 6 . The variable that controls the magnitude of the noise from the RoF link correspond to K RoF = 20 dB, with saturation level of A M = 4, which is the optimal value for this particular K RoF , as shown in Fig. 4 . In this figure one can understand the iterative mechanism and how it can improve the BER evaluation. For simplicity, we only show iterations 1, 2 and 4, since the 3rd iteration does not add relevant information. From the results one can notice that the iterative process improves the BER, with a significant change from the first iteration (i.e., linear FDE) to subsequent iterations. Moreover, it can be shown that our receiver can efficiently detect and separate signals from the different MTs, taking advantage of the signal contributions associated with a given MT at each BS. Consequently, the BER performance is very close to the MFB just after 4 iterations.
In order to evaluate the impact of the noise from the RoF link component, let us analyze figures 7 and 8, for the detection of the 1st and 2nd MTs, respectively. In these figures we only present iterations 1 and 4 and the noise from the RoF link is tested for different values of K RoF , where for each one we consider the optimal value for A M . As expected, with the Fig. 7 . BER performance for a BS cooperation scenario with P = 2 MTs, R = 2 BS and different values of K RoF (p = 1). increase of K RoF the magnitude of noise from the RoF link decreases and the BER performance improves, stabilizing with K RoF = 20 dB.
VI. CONCLUSIONS
This paper considered the uplink of BS cooperation systems, where the link between each BS and the CPU is performed through a RoF connection. The optical and electrical conversions are implemented by a MZ modulator and the inherent introduction of nonlinear distortion terms were presented. Moreover, an optimization on the detection scheme in order to maximize the respective SNR is presented. The proposed receiver design that takes into account both wireless and optical effects has been shown to be robust.
